A microscale plasma and a spherical microscale bubble were generated by the application of a single pulsed discharge in water with no pre-existing bubble. The microscale corona discharges were created at the tip of a microelectrode by applying a voltage at around −11 kV with a rise time of around 20 ns. The energy inputs for microplasma generation were controlled by varying the durations of the discharges from nanoseconds to microseconds. Two different energy inputs of 103 and 0.5 mJ were studied in detail and the differences in the microplasma-generated microbubbles, such as the maximum radii, numbers of oscillations and durations of the bubble were observed. These microbubbles were visualized using a microscope based optical system with two different high speed cameras. Images of the discharges were captured by a nanosecond gated intensified charge-coupled device (CCD) camera, and the microbubbles' dynamics were recorded by a million-frame-per-second CCD video camera. A Rayleigh-Plesset (RP) model considering both condensable (water vapour) and incondensable (H 2 and O 2 ) gases in the microbubble predicts the bubbles' dynamics accurately. Comparisons of the experimental results and the RP models allow estimation of the thermodynamic states of the microplasmas and microbubbles. The energies in the microbubbles are analysed quantitatively from the model and rough approximations for energy dissipation and the energy of the microplasma are made. The microplasma energy can be significantly less than the applied energy input. Such low initiation energy is the reason that the size of microplasmas is at the micron scale and all microplasmas are confined in a spherical microbubble. All the microbubbles reported in this paper are spherical. The low energy also provides conditions for non-equilibrium plasmas in liquid.
Introduction
This investigation of microplasma in a liquid is based on the established understanding of microplasma in gases and macroplasma in liquid. Microplasmas in gases have been widely studied and industrialized in applications such as plasma displays, plasma based depositions/etching, spectroscopic diagnosis, destructions of volatile organic compounds [1] , detections of trace contaminates [2] and UV radiation sources [2] . Mesoscale plasma (>millimetre scale) based discharges in liquid have also been addressed [3, 4] , but these papers do not refer to small scale discharges. Coronas, arcs, branched discharges, and bubble generation along streamers were all observed and studied therein. Plasma discharges in liquid have been employed in sterilization of water [5] , enhancement of chemical reactions [6] , etc.
Applications of microplasmas in liquid [7] [8] [9] [10] [11] for spectroscopy and nano-material synthesis have been reported within the last decade and are generally similar to those of mesoscale plasmas in liquids but with the added benefits of spatial localization, lower energy and more non-equilibrium chemistry. One of the advantages of microplasma generation in liquid is that the bulk of the liquid remains at ambient conditions. Ambient aqueous media are also of biological interest [12, 13] . As live tissues, organs, and certain sensitive substrates cannot survive high energy mesoscale plasma in liquids, and liquid plays major part in biological systems, microplasmas in liquids can be applied to many biological applications such as plasma surgery [14, 15] , cancer therapies, bacteria sterilization, water treatment, etc [2, 16, 17, [41] [42] [43] .
In this work we investigate plasmas with a maximum size of less than 30 µm, generated without any pre-existing bubbles, but apparently existing inside a microbubble generated commensurate with the plasma. It is shown that that the microplasma and microbubble coexist for around one hundred nanoseconds, after which only the bubble is present. We first reported these types of low energy discharges in applications as unique non-equilibrium systems [8, 18] . Our long term goal is to understand the initiation mechanism and time dependent state of the microplasma: neutral density, plasma density and temperatures. Here we focus on one aspect, the dynamics of these microscale plasmas in liquids and the microbubbles they generate. The dynamics of the bubble are measured and, through a Rayleigh-Plesset (RP) model, the time dependent state of the gas in the bubble is determined. This tells us the environment in which the plasma was created and also, with some assumptions regarding mass and energy transfer, indirectly gives some bounds on the energy and mass associated with the plasma.
This work complements and relies on ongoing research in this area. In studies of mesoscale plasmas in liquids, without pre-existing bubbles, a transient microplasma and microbubble [19] with a diameter of around 500 µm is captured with primary and secondary coronas and evolves into a mesoscale discharge. The properties of such a microplasma in liquid are significantly different, being higher energy, than those studied here; however, some aspects of the transient primary negative streamer, namely its symmetry, are similar to the discharges observed here. Microdischarges in pre-existing gas bubbles in liquid have also been studied [20] [21] [22] 44] . In those papers, bubbles 1-3 cm in size were injected into a liquid and the mechanism of microplasma initiation occurred in the gases. The properties of the gases in pre-existing bubbles are near ambient pressure and the sizes of the bubbles are typically noticeably larger than the plasma. While the sizes are different, there are probably direct, Paschen scaled [23] , similarities between these microdischarges and those we create in smaller bubbles at higher internal pressures. However, due to the small size of our systems, the propagation of the plasma within the bubble cannot be observed.
The principal mechanisms of microplasma initiation in liquid are still under study [24] [25] [26] [27] [28] 45] and are beyond the scope of a single paper to answer. In general, the generation of microplasmas in liquid is similar to generating a corona in air. It requires atoms or molecules being ionized in an electrical field. The number density in liquid is significantly higher than that in gases. The effective pressure which reflects the mean free path is considered in Paschen's Law [23] . In Paschen's law (nd = constant), with the same breakdown voltage, in order to decrease the dimension 'd', the number density 'n' has to be increased correspondingly [29, 30] . For plasmas in liquid, sharp and tiny tips are employed to create a high electrical field to maintain the reduced electrical field (E/n) for corona discharges. Also, these electric fields are applied rapidly, at rates of around 500 V ns −1 , to reduce electrochemical energy losses and dissipation. During the time of the application of the electric field, when or if a low density region (here-after referred to as a bubble) is generated, the reduced electric field rises in that region facilitating breakdown. While slightly lower in density than the liquid, the initial bubble may be very high pressure, even sufficiently high pressure to be supercritical, with no clear interface with the liquid. In such a sense microplasmas in liquids are similar to discharges in a high pressure gas environment. The necessity and existence of a bubble is a point of contention [31] . It is our direct observation, in this paper, that a bubble is present in the liquid both at the same time as, and after the plasma. This contradicts some of the work of Dobrynin [20] , but conditions are sufficiently different here (namely negative polarity and conducting solutions) to leave the general question as to the conditions for the presence of bubbles open.
As already alluded to in our review of prior works, in this paper microplasma based microbubbles are studied experimentally and theoretically. In our experiments, a single microbubble was observed with microplasma initiation. The microbubble formation and the corresponding phase change are induced by energy release during the discharge. It was observed that the microbubbles were generated very rapidly. The precise mechanism of the microbubble generation, however, is beyond the scope of this paper. This paper focuses on the microbubbles' dynamics within the first 40-50 µs. With two sophisticated high speed cameras, which can take millionframes-per-second (Mfps) videos and nanosecond photos respectively, and a 2 GHz oscilloscope, a detailed study on energy inputs and images of the microplasma and microbubble at the initiation stage are provided in this paper. For the first ∼100 ns, the microplasma and microbubble coexist, with the microplasma observed to be inside the microbubble. After around 100 ns, the plasma disappears. The microbubble keeps on growing, eventually oscillating in size with a discharge energy dependent amplitude and frequency. The decaying oscillation of the microbubbles beyond about 50 µs generally compare well with prior hydrodynamic studies and are not the focus of this paper. The microbubbles studied in this paper are spherical in shape for their first cycle. No branches were observed from the initiation of the microplasma and microbubble. Conditions for aspherical and branched bubbles could be attained but are not the focus of this paper. These spherical bubble conditions are unique to the low energy plasmas studied and greatly facilitate analysis of the bubble dynamics. Established studies of vapour based microbubbles in liquid from the boiling and cavitation literature [32] are used to describe the hydrodynamics of the bubble. The investigation of a microbubble at the very initial stage assists our understanding of microplasmas. In the theoretical study of the microbubbles' dynamics in this paper, an RP model is used to establish the momentum balance of a spherical bubble. For the first 40-50 µs after plasma disappearance, still within the first cycle of bubble oscillation, there is no significant mass and energy transfer from the bubble, allowing us to estimate the conditions of the gas inside the bubble. The radius change calculated by the RP model matched experimental results well and the thermodynamics properties and initiation energies are estimated based on model results.
Experimental set-up
The microplasmas in our tests were generated at a microelectrode tip. A three-dimensional schematic drawing of a microplasma in liquid is presented in figure 1 . The microelectrode tip is immersed in a petri dish containing water and a grounded metal tab is placed in the water. By using a high voltage power supply (maximum −20 kV) and a spark gap, short rise time pulse microplasmas could be initiated in the liquid. The size of the microplasma is related to the size of microelectrode tip, the applied electrical field and the input energy. A small electrode tip is necessary, because it allows for a localized discharge and attaining a breakdown field with lower applied voltage and energy. The ground is not sharp and no discharge occurs there. The sharp electrode tips were fabricated through electrolysis. The distance between electrodes was always around 1 cm. When the two electrodes are too close (<0.5 mm depending on the voltage), a spark discharge (extending the distance between the electrode) instead of a corona discharge occurs. Only corona discharges are covered in this paper. If the ground electrode is sharp, an opposite polarity discharge occurs there. To prevent electrical leaking, epoxy was used to cover the body of the microelectrode except for the tip. The liquid used was a mixture of deionized water and sodium chloride (NaCl) salt with a conductivity of 9120 µS cm −1 and was consistent for all our tests. The water depth was about 3 mm and the water surface was at ambient pressure. The bubble dynamics are sensitive to solution conductivity and ambient pressure, the plasma is also affected by these. A parametric study of the effect of changing the properties of the liquid is an ongoing work.
Microelectrode fabrication
The size of the microelectrode tip is a key parameter in determining the energy density of the microplasma. To fabricate the microtip, a tungsten microwire (OD: 50 µm) was suspended with one end immersed in NaOH solution and the other end connected to the anode of a dc power supply [33] . The microelectrode tip was sharpened by electrolysis at the interface of the solution and air. The microtips in our tests were around 1-3 µm, see figure 2(a). They were used to create a very localized high electrical field to induce a breakdown. After the tungsten microelectrode tip was ready, the surface of the tungsten microelectrodes were covered with high dielectric epoxy as an insulator. Due to capillary forces, the epoxy on the surface of microelectrode formed some beads, see figure 2(b). It is most important to provide dielectric insulation at the water-air-electrode interface and this was done by locating the thick epoxy bead area at the interface.
The surface of the microelectrode tip was very smooth after electrolysis, as seen in the SEM photo in figure 3(a) . The diameter of the tip was around 1.5 µm. After about three discharges of 4 µs duration and 200 discharges of 200 ns duration (discharge details are described later), the tip was reshaped, probably by melting during the first several discharges of plasma as shown in figure 3(b) . The rest of microelectrode looked intact. The diameter of the tip became around 3 to 4 µm and did not change further. This was only two to three times larger than its initial diameter. The comparison of the SEM photos shows that the change to the electrode, probably melting, caused by the microplasma only occurred at the tip. The size of the melted areas matched the size we observed for the microplasma in figure 7 . Based on the specific and latent heats of tungsten and the observed volume, the energy required to cause this area to melt is less than 4 µJ. Energy well in excess of this is provided during the discharge. The melting, we believe, is caused by the plasma generation, particularly during the microsecond pulsed discharges (probably less so during the nanosecond pulsed discharges). This melting would indicate temperatures in excess of 3695 K. The dark region in figure 3(a) was caused by the accumulation of electrons on nonconductive impurities visible in the SEM. Therefore that region appears blurred. The impurities might be due to some dust or un-rinsed NaOH or salts from the tip as an arteact of the etching process used to fabricate the tip.
Experimental layout
The maximum radius of the microplasma and microplasmagenerated microbubbles in our tests were both at the micronscale, so an inverted optical microscope was used to observe them. One of the outputs of a fibre optical white light source (AMScope, 150 W optical gooseneck microscope illuminator) was placed directly above the liquid container at full power to illuminate the microscopic field of view. This background lighting is similar to a shadowgraph, making the density differences between the gases in a microbubble and the liquid surrounding it more distinguishable. These shadowgraphic images were used to estimate the radius variation of a microbubble. A reference object with known dimensions was used under the microscope with high speed cameras to calibrate the image resolution (length/pixel). The resolution was used later to calculate the diameter of the microbubble based on the number of pixels. The resolution for the CCD camera is around 1 µm (1 µm/pixel) and the error for the intensified CCD (ICCD) camera is around 200-300 nm (200-300 nm/pixel). The ICCD camera has better image resolution than the CCD camera. Due to image blurring and motion during the exposures, the minimum feature sizes observable were about 6 and 2 µm for the CCD and ICCD cameras, respectively. A schematic illustration of experimental layout, including the microscope set-up, cameras, data acquisition, power supply and switching circuit, is shown in figure 4 .
A pulsed switching circuit employing spark gaps was used to control the energy inputs for the plasma generation.
The single spark gap configuration was used to provide microsecond duration discharges, while the double spark gap configuration was used to provide nanosecond duration discharges. They both worked with a 20 M resistor and a 2 nF capacitor charging circuit. By adjusting the gap distances using a position screw of the primary spark gap, the applied voltages for initiating microplasmas could be controlled. In figures 5 and 6, voltage and current versus time for a single spark gap and a double spark gap are both presented with the same applied peak voltage (−11 kV).
For the single spark gap configuration, the total energy stored in the capacitor before breakdown is mostly released into the load. The load is the electrode immersed in the liquid when properly insulated. For the double spark gap configuration, however, the secondary spark gap connected to the ground fires shortly (several nanoseconds) after the primary spark fires. In this case, the primary spark gap initially still releases the energy stored in the capacitor to the load, but the secondary spark gap interrupts this release and conducts the remainder of the energy to ground. So the energy released into the load is significantly reduced. The timing of the second spark gap firing can be adjusted by changing its gap length and wiring. In figures 5 and 6, the voltages and currents take around 4.5 µs for the single spark gap and 0.2 µs for the double spark gap to decay to zero with some ringing. In this paper, the configuration using only one spark gap is referred to as the microsecond pulse and the configuration using the double spark gap is referred to as the nanosecond pulse. Only one set of conditions for each pulse duration was studied in detail. The applied peak voltage on the voltage waveform was the same (−11 kV) for both cases. The total energy consumption, see figure 5, of the microsecond pulse was around 103 mJ and for the nanosecond pulse, see figure 6 , was around 0.55 mJ, determined by integrating the product of the voltage and current. The total energy stored in the capacitor of our circuit is 121 mJ (1/2CV 2 ), so the energy released into the load from the microsecond discharge took 85% and from the nanosecond discharge took 0.4%.
Image acquisition equipment
A single nanosecond pulsed discharge is able to create a microplasma in the liquid which emits light for only around 100 ns. But a microbubble generated with a microplasma lasts from tens to hundreds of microseconds. Two different high speed cameras targeting different time scales were used to capture the microplasmas and microbubbles, respectively. The microplasma discharges were recorded using a nanosecond gated ICCD camera (Standford Computer Optics Inc. 4 Picos ICCD camera) and the initiation, growth, collapse and oscillation of the microbubble were recorded using a CDD camera capable of Mfps (Photron, FASTCAM SA5). One of the main differences between the two cameras is that the ICCD camera can take a single triggered photo with a nanosecond delay and a nanosecond exposure time, whereas the CCD camera can take continuous videos with an interval of microseconds between two frames. In all our tests, a 10 ns exposure time and an average of 20 accumulations were used for the ICCD camera, and 300 000 fps was used for the CCD video camera. Due to an internal circuit delay in the ICCD camera, the shutter opened around 70 ns after it was triggered. Electromagnetic interference (EMI) from the primary spark gap was used to trigger the ICCD. The jitter of the ICCD camera is specified as <0.02 ns and the EMI was measured to be a repeatable trigger relative to the voltage measurement within 0.5 ns. The timing uncertainty is thus about 0.5 ns for the ICCD and this should not affect our accuracy with an exposure time of 10 ns. All times from the ICCD camera referred to in this paper are relative to this repeatable EMI signal. For the CCD the timing uncertainty is 3.3 µs (the inverse of the frame rate).
Experimental results and discussion

Microplasma initiation with nanosecond duration
The light emission due to the plasma at the probe tip for a nanosecond pulsed discharge is presented in figure 7 . The applied peak voltages for the discharges were around −11 kV corresponding to figure 6. Figure 7(a) shows the image for a single exposure of the microplasma light emission and figure 7(b) shows the averaging of 20 exposures. In both cases, the light emission from the discharges is visible and about 15 µm in diameter. Figure 8 shows the time dependent microplasma and microbubble dynamics as captured by the ICCD for the first 120 ns. In these images the microelectrode is seen coming up from the bottom of the image and the discharge and bubble are at the tip of the microelectrode. The first row presents the shadowgraphic visualization of the microbubbles at the tip of microelectrode with the light source on, while the second row presents light emission from the microplasmas without any ambient light. The arrows highlight the light emission regions. To reiterate, the EMI emission from the spark gap is used as the reference t = 0, the first photo begins at a 70 ns delay due to the internal timing of the ICCD camera. The exposure time for all photos in figure 8 is 10 ns. In the first row of photos, the microbubble grows from around 20 µm to around 30 µm in diameter. The tip and the microbubble itself are very clear in the images. Time-sequence photos of microplasma and microbubble initiations at the microelectrode tip generated by the nanosecond discharge with consideration of the internal delay of the ICCD camera. The top row is backlit, the bottom row is for a dark environment (a standard grey scale mapping has been used for the intensity mapping and a grey colour scale bar has been added).
The light emissions from the plasma can also be observed to be contained inside of the microbubbles. The second row of photos presents the plasma emission under the same discharge conditions without any external light sources. The maximum intensity of light emission occurred at t = 80 ns. After that, it gradually dims. After around 110 ns, the light emission of the microplasma disappears, while the microbubble surrounding the microplasma is still present and growing. A detailed study of plasma light intensity recorded using the ICCD camera was also pursued [34] and investigations of the initiation mechanism are ongoing. Considering the applied peak electric field on the order of 3.5 GV m −1 (11 kV, 3 µm), the observed high temperature (evidenced by the tungsten tip melting) and secondary electron emission processes, possible routes of discharge initiation are field emission, thermionic emission and Townsend breakdown. The mechanism and timing of bubble formation are also unanswered. What is very clear from these results is that a bubble is generated in less than 70 ns and the plasma discharge is confined inside the bubble. A reason that the plasma is microscale is that it is confined inside a microscale bubble. Inside the bubble the density is lower and ionization processes are easier and more prevalent.
The microplasma-generated microbubble
The time scale of bubble growth is significantly longer than the discharge events and to some approximation the discharge can be considered as a nearly constant volume energy addition. After a discharge, the volume expansion of a microbubble is visible. A single pulsed discharge is able to create a microplasma in the liquid which emits light for around 100 ns. But the microbubble generated with the microplasma lasts from tens to hundreds of microseconds. The time evolution of single microbubbles was analysed from videos recorded using the high speed CCD camera. In figure 9 , a single frame from the video of a microplasma-generated microbubble is presented. The radius of this microbubble was around 130 µm and the microelectrode tip can still be seen in the centre of the microbubble. The bubble's edges are clearly distinct from the background and a focusing of the light is seen in the middle of the bubble due to the refraction at the bubble interface. This brightness is not plasma emission. A microbubble initiated by microplasma in water, t = 16.5 µs after the discharge event. Figure 10 shows a sequence of 49 frames from the video corresponding to the bubble generated by the microsecond discharge with voltage and current as given in figure 5 (103 mJ) . The bubble is seen to grow, reaching a maximum diameter after around 33 µs, collapse to a minimum diameter at around 50 µs, and continue to grow and collapse in several decaying oscillations. The whole process of oscillations takes around 170 µs from the initiation of the microbubble to its disappearance. The maximum diameter during its evolution was around 260 µm. The bubble's radius in each video frame was measured and is shown as a function of time in figure 12 . Frames before the discharge with no bubble are assigned zero radii. The error bars which represented the accuracy of the radius in figure 12 become larger as the bubble's edge is blurred. The blurriness of the bubble's edge may be due to the aspherical shape of the bubble, its faster speed at smaller radius, the reflection of the bubble off the electrode and the possibility of supercritical vapour in the process of collapse. In the last 10 µs of frames, the microbubble reaches an equilibrium radius without any motion and eventually it disappears due to dissolving/condensation or rises out of view due to buoyance. The dissolving/condensation and the buoyancy force estimated from the volume of the bubble are both able to move the bubble out of view of the microscope in hundreds of microseconds.
The microplasma-generated microbubble from high energy input (microsecond discharge).
Due to a sudden increase of temperature and pressure at the tip caused by the plasma generation, the microbubble expands quickly, passing its equilibrium radius to the maximum radius. With the expansion of volume, its temperature and pressure drop. The microbubbles' dynamics are dictated by the surface tension, inertia and pressure differences between the vapour and gases in the bubble and the liquid outside the bubble. When the internal pressure of the microbubble is higher than its surface tension and hydrostatic pressure, the growth of Figure 10 . Time-sequence photos of a microplasma-generated microbubble's life cycle taken using a high speed CCD camera with 300 000 fps (3.3 µs interval between each photo). Figure 11 . Time-sequence photos of a nanosecond discharge microplasma-generated microbubble's life cycle taken using a high speed CCD camera with 300 000 fps (3.3 µs interval between each photo).
the microbubble accelerates and its radius is smaller than the equilibrium radius, and when the internal pressure of the microbubble is lower than its surface tension and hydrostatic pressure, the growth of the microbubble decelerates and its radius is bigger than the equilibrium radius. Because of the energy transfer due to temperature difference, and mass transfer due to the vapour condensation and the gas dissolving, the total energy and the maximum radius of each cycle decreases. The oscillations of bubbles have been described well by the RP model [32] , this will be analysed in detail in section 4.
3.2.2.
The microplasma-generated microbubble by low energy input (nanosecond discharge). For the nanosecond discharge, 0.4% of the energy stored in the capacitor of the spark gap circuit was released to initiate the microplasma. In figures 11 and 12, the radius variations are shown in photos and measurements. They correspond to the voltage and current diagram in figure 6 . The maximum radius was around 88 µm, the period of the first oscillation is 25 µs and it only oscillated twice before reaching an equilibrium radius, and remained at this radius for about 8 µs before rising out of view.
A comparison between microbubbles created by microand nanosecond discharges.
After the first cycle, the sphericity of the microbubble was changed. This is also the reason the RP model was not applied to any cycle with nonspherical bubbles in this paper. The influence of the shape on the electrical field was not investigated in this paper. The microbubbles' dynamics are compared in figure 12 for the micro-and nanosecond discharged microbubbles; the energy initiating the microbubble dissipated through heat and mass transfer. The error bars of the radius for both cases are ±2 µm for most of the first cycle, which is important for the comparison to the bubble model. The maximum radius, the oscillation period and the number of oscillations are important indicators to distinguish energy inputs. The microbubble oscillated seven times when created by the microsecond discharge and twice when created by the nanosecond discharge with the same applied peak voltage (−11 kV). The maximum radius from the microsecond discharge was 120 µm and from the nanosecond discharge 88 µm. After oscillations, the microbubbles did not disappear immediately. On the contrary, they slowly rose due to their buoyancy in liquid at a steady state equilibrium radius. It is believed that incondensable gases, most likely O 2 and H 2 , and condensable gas such as water vapour both existed in the microbubble. The bubble could have floated up to the liquid surface after it departed the microelectrode. The energy input for the microsecond discharge was higher than nanosecond discharge, so the microsecond discharged microbubble oscillated more cycles than nanosecond discharged microbubble. This is the reason that the microsecond discharged microbubble took 150 µs and the nanosecond microbubble took 60 µs to complete its oscillations.
The RP model of microplasma-generated microbubbles
Our experimental study of microplasma-generated microbubbles has been introduced. Based on the ICCD photos in figure 8 , the light emission lasted only about 120 ns. The microplasma was confined in the microbubble and the microbubble kept on growing after the microplasma disappeared. The oscillation of the spherical microbubble is studied using a one-dimensional RP model. In a simplified RP model, a void is formed in a liquid and the liquid is drawn into the void. Rayleigh described how the void collapsed mathematically based on the conservation of momentum and mass [35] and Plesset supplemented the model to include a compressible gas inside the bubble which allows for collapse, growth and oscillations as well [36] . Based on prior studies of cavitation, two different RP models [32] were considered as options to analyse the experimentally observed microbubbles' dynamics as presented in figures 10, 11 and 12. One is the 'thermal bubble model' which assumes energy transfer by thermal effects, i.e. the temperature difference between the gases in the bubble and the liquid outside the bubble significantly affects the bubble's growth and collapse. The other is the 'inertia bubble model' which assumes inertia is the main driving force dominating oscillations of the bubble. The dynamics of the bubble are not affected by temperature differences across boundaries in this case. The inertia model was selected with initial and boundary conditions provided from the measurements of the microbubbles. Discounting the time period of energy addition by the microplasma, the RP model is similar to the dynamics observed in the plasma-generated microbubble. As shown in figure 8 , after the first 120 ns energy input, the bubbles' dynamics are independent of energy addition. For simplicity, we modelled the first cycle of oscillation after the discharge with the assumption of no significant energy or mass transfer in the momentum balance. A fraction of the discharge energy supports the microbubble oscillations. Because of the short duration of the microplasma compared to the microbubble, we assume that the energy for the microbubble's oscillations was all deposited into the microbubble instantaneously at the very beginning. The gravitational effect on pressures in the RP model is constant. Microplasma-generated microbubbles under microgravity or zero gravity are not in the scope of this paper.
In the 'inertial bubble model' presented by Brennen [32] , the dynamic force balance is given by (1) . Equations (2) and (3) define the bubble pressure, P b , which includes both incondensable gas pressure, P gas , and water vapour pressure P v . P gas is related to the equilibrium gas pressure, P g−eq , and the equilibrium radius, R eq , of the microbubble described by (4) through a polytropic constant n. P v is determined assuming a saturated vapour at a temperature equal to the incondensable gas temperature, T b , as given by an ideal gas and polytropic process defined in (5) from equilibrium gas temperature, T b−eq . The content of the microbubble being a mixture of vapour and some other incondensable gases such as H 2 and O 2 has been explained based on experimental observation. It is assumed that the incondensable gases consist of 1/3 oxygen and 2/3 hydrogen by mole fraction based on H 2 O dissociation. In (1), the first term in brackets represents the dynamic component of the boundary, the second represents the surface tension component on the boundary, the third represents the internal force which includes pressures from both incondensable and condensable gases, and the final term represents ambient hydrostatic pressure.
In these equations, R is the time dependent radius of the microbubble, ν L is the kinematic viscosity and ρ L the density of the liquid, S is the surface tension of the liquid and P ∞ is the ambient pressure. S, ν L ,P ∞ ,T ∞ and ρ L are constants for the ambient water at a saturation temperature of 373 K (55 mN m −1 , 0.801 × 10 −6 m 2 s −1 , 1.025 × 10 5 Pa, 300 K, 1 × 10 3 kg m −3 , respectively). These equations were solved for R as a function of time using a built-in ordinary differential equation solver (ode23t) in Matlab. The numerical solutions were checked for time step convergence and energy conservation by calculating the solutions for many cycles and verifying that the amplitude of oscillations was constant. Initial radius R 0 and initial velocityṘ 0 as well as n, T b−eq and R eq were used as fitting parameters to compare the model to the experiment. These five fitting parameters are used to achieve best fitting using least squares error comparing the simulations to the experimental data for bubble radius as a function of time in the first cycle of oscillation. The initial conditions for the bubble (R 0 andṘ 0 ) determine the energy available for the oscillation of the bubble. Experimentally, the initial conditions R 0 andṘ 0 of the microbubble in our model study are estimated to be around 10 µm and 100 m s −1 , respectively, based on the images in figure 8 . These values after best fitting of R 0 andṘ 0 should be comparable. Bubble temperature and radius at equilibrium (T b−eq and R eq ) determine the equilibrium gas pressure. The polytropic constant (n) determines the dynamics of internal and kinetic energy transfer, and should be bounded between 1 (isothermal) and 1.4 (isentropic diatomic gas). After a best fitting solution is found, the values can be used to determine the thermodynamic state in the bubble, including pressure, temperature, vapour fraction, mass and internal energy. Based on our model results, the maximum temperature is about 390 K and the minimum temperature of the microbubble is around 370 K. This supports the assumption that heat transfer is not the main driving force over the range of radius change discussed in this paper. Including both water vapour and incondensable gases (H 2 and O 2 ) in the RP model is important. If water vapour is neglected, the best fitting procedure gives a polytropic index n of 0.101 which is non-physical because it requires heat flow along a positive temperature gradient. On the other hand, if only vapour existed in a microbubble, the bubble pressure is not able to provide a sufficient mechanism for oscillations in the model. So both the incondensable and the condensable gases are needed to make the microbubble have enough resilience to bounce. The radius changes from the experimental observations and from the best fitting of the RP model with microsecond and nanosecond discharges are both presented as comparisons in figure 13 . The experimental results and the theoretical model match well for the first cycle. The fitting parameters for the microsecond discharged microbubble are R 0 = 10 ± 2 µm, R 0 = 99 ± 5 m s −1 , n = 1.011 ± 0.005, T b−eq = 371 ± 2 K and R eq = 71.58 ± 10 µm, and for the nanosecond discharged microbubble are R 0 = 10 ± 2 µm,Ṙ 0 = 79 ± 5 m s −1 , n = 1.015 ± 0.005, T b−eq = 371 ± 2 K and R eq = 49.65 ± 10 µm. The best fitting solutions were analysed around their minima to determine the sensitivity to the fitting parameters. Ranges for the fitting parameters, as given above, were determined by comparing the experimental uncertainty in radius (determined to be around ±2 µm in figure 12 in the first cycle) to the root mean square errors.
At the end of the first collapse, the model predicts that there is what is described in the literature as a singularity, where the radii of the microbubbles collapse to smaller than 1 µm for both cases, as presented in figure 13 . This tiny radius would occur between two experimentally observed radii and was not recorded by the high speed CCD camera. There are two possible reasons, one is that the camera speed is not fast enough to capture this fast variation of radius, and the other is that our inertia model does not take significant mass and energy transfer into consideration. If the formation of vapour and the heat transfer are huge, the microbubble will, presumably, not be able to collapse to such a small radius before bouncing back. For the time when the radii are smaller than 10 µm, a thermal bubble model may be more appropriate than the inertia bubble model. Such models have been used for sonoluminescence bubbles [37] , where similar bubble oscillation patterns and singularities are observed. But those models only cover a single species of incondensable gas in the bubble [38, 39] . Most sonoluminescence research operates at conditions without significant phase change in order to observe a sharp singularity (noble gases and specific liquids are typically used). In the research of sonoluminescence bubbles, singularities which correspond to light emission and plasma generation are observed at each minimum radius during oscillations. In our microplasma-generated microbubble tests, singularity and microplasma are observed at initiation only. In future work, a thermal model will be used to describe the dynamics of a microplasma-generated microbubble for the small radii at initiation.
The pressure, temperature, mass and internal energy of the water vapour, the incondensable gases (H 2 and O 2 ) and the combination of vapour and gases, based on model calculations, are presented in figure 14 . The thermodynamic properties of the microsecond discharged microbubble are depicted in the first row and those of the nanosecond discharged microbubble in the second row. The pressure drop is very fast at the beginning of the bubble's growth. At around 2 µs after the initiation, the internal pressures of the microbubble are around 1 MPa for both cases. The pressure in the microbubble is mainly dictated by the vapour pressure which is relatively constant. In the figures showing pressure variations, the incondensable gases' pressure changes significantly at small radius. The pressure in the microsecond discharged microbubble (1.2 MPa) is higher than that in the nanosecond discharged microbubble (0.6 MPa) at initial radius. The maximum pressure during the plasma discharge may be higher than this, as the initial time in the model is a fraction of a microsecond after initiation. The pressure at the singularity reflects the maximum predicted pressure during initiation to be about 0.1 GPa. This value is comparable to that recently measured for similar, yet with a positive polarity, discharges in liquids. The temperature of the microbubble stays at around 370 K except when the microbubbble is small (<3µm). From figures 14(b) and (f ), the temperature in the microbubble is around 370 ± 5 K during the growth period except when the time is within the first 0.1-0.2 µs. From figure 12 , a size of 3 µm is estimated when the time is in the range of 0.1-0.2 µs. The internal temperatures of the different species are assumed to be the same. The masses of the microbubbles are about 16 and 5 pg for the two conditions and they change by ∼20% due to the evaporation and condensation of the water vapour. This mass transfer due to evaporation and condensation (∼10 pg) has little influence on the momentum transfer described in the RP model. The momentum transfer in the RP model is effectively for the mass and the motion of the liquid surrounding the microbubble. The ratio of the mass transfer of the vapour (∼10 pg) and the mass of liquid with same volume as the microbubble (∼7 µg) is around 2.5 × 10 −6 . So the mass transfer in terms of evaporation and condensation in our cases affect the momentum balance very little. With consideration of both the pressure variation and mass transfer, the oscillation of the microbubble can be divided into two different mechanisms. The incondensable gases play the role of providing the amplitude of the oscillations, whereas the water vapour buffers the oscillation by means of mass transfer. The mass in the microsecond discharged microbubble is four times higher than that in the nanosecond discharged microbubble.
These modelling results provide parameters useful for estimating energy dissipation in the microplasma and microbubble.
Several means of energy storage and dissipation from microplasmas have been considered. The considered energy associated with the microplasmas from the microsecond and nanosecond discharges includes: (i) the internal energy of the microbubble presented in figure 14 (∼11 and ∼4 nJ); (ii) the heat conduction from the hot plasma for heating and melting of the microelectrode tip (∼4 µJ for both, with melting volume estimated in figure  3) ; (iii) the heat conduction from the hot plasma to the microelectrode (∼710 µJ and ∼160 µJ with the assumptions of the temperature difference between the plasma and the faraway microelectrode as 4000 K, a heat penetration time of 4 µs and 200 ns respectively, and using the thermal diffusivity of tungsten at 4000 K); (iv) the heat conduction from the hot plasma to the ambient liquid (∼35 µJ and ∼8 µJ with the assumptions of the temperature difference between the plasma and the ambient liquid as 5000 K, a heat penetration time of 4 µs and 200 ns respectively, and using the thermal diffusivity of liquid water); (v) the heat conduction from the microbubble to the microelectrode (193 µJ and 170 µJ with the assumptions of the temperature difference between the microbubble and ambient liquid as 100 K, a heat penetration time of 45 µs and 35 µs respectively, and using the thermal diffusivity of tungsten at 400 K-the time here is for the first cycle of microbubble oscillation); and (vi) the heat conduction from the microbubble to the surrounding liquid (∼38 µJ and ∼33 µJ with the assumptions of the temperature difference between the microbubble and ambient liquid as 100 K, a heat penetration time of 45 µs and 35 µs respectively, and using the thermal diffusivity of liquid water). The summation at these energies represents an upper bound on the amount of energy in the plasma. The energies of the micro-and nanosecond microplasmas are estimated as ∼980 µJ and ∼375 µJ, respectively. The energy input to the microelectrode for microplasma generation for both cases is at the millijoule scale based on the circuit measurements in figures 5 and 6 (103 mJ and 0.5 mJ).
An important finding is that the energy for the plasma generation can be significantly less than the applied energy input. The energy used for microplasma generation is less than 1% of the input for the microsecond discharge and 65% of the input energy for the nanosecond discharge. Some of the energy supplied from the spark gap is consumed through other parasitic means such as electrolysis (mainly for the microsecond discharge), inductance induced energy consumption (emitted as EMI), double layer formed capacitances along the microelectrode, Joule heating from the microelectrode to the ambient liquid, etc, which will be addressed in detail in a future work. The parasitic effects are more prominent in the microsecond discharge than the nanosecond discharge. Joule heating and electrolysis do not appear sufficient explanations, being at most ∼100 and ∼50 µJ, for the energy not going into the microplasma (99% of input) for the microsecond discharge. The capacitance of the double layer is large and can store all of the missing energy at low voltage and release it over a long time. However, the dynamics of the double layer at such high voltage (−11 kV) has not been studied and is difficult to estimate, leaving a proper account of 99% of the applied energy in the microsecond discharge to future work. This low energy process, while inefficient, allows for a more non-equilibrium plasma. Pulsing high voltage power supplies with an energy per pulse for plasma initiation less than 1 mJ are uncommon. The low energy makes the size of plasma small and it leads to discharges and microbubbles which are spherical in shape and different from other non-spherical microbubbles produced by high energy plasma discharge in liquid [40] . Processes such as the localized synthesis of nanoparticles by microplasma [7] and nanoscale corona based nanosecond optical emission spectroscopy [8] are possible only with such low energy nonequilibrium plasmas.
Conclusion
A single microplasma discharge is generated under water by negative (−11 kV) pulses applied to microelectrode tips. Images of the discharges and generated microbubbles were captured with a 10 ns exposure time with 10 ns increments by an ICCD camera and at 300k fps by a CCD video camera. Two discharges were studied in detail, a 103 mJ microsecond pulsed discharge and a 0.5 mJ nanosecond pulsed discharge. A microbubble was observed with microplasma confined in it. The shape of the microbubble and microplasma was spherical, not branch-like [3, 19] as commonly observed. The study of microplasma-generated microbubbles provides a path to investigate the microplasmas. The energy to support the growth of the microbubble is provided by the microplasma. After the microplasma disappears, the microbubble expands and collapse for several oscillations. Due to energy and mass transfer, the amplitude of oscillations decays to zero. Then the microbubble at equilibrium radius is visible for ∼10 µs before it disappears, either through leaving the field of view or dissolving. The microplasma-generated microbubble by the microsecond discharge had more energy to sustain more oscillations and larger maximum radius compared to the microbubble generated by the nanosecond discharge at the same applied peak voltage. The physics of oscillations are well described by RP models. An RP model with the assumption of no significant mass and energy transfer fits well with the experimental results in the first cycle of oscillation for both cases. The model allows us to describe the thermodynamic state inside the microbubble, e.g. pressure, temperature, mass and internal energy, based on the observed size variation. The important features of the model are that the bubble contains vapour and a mixture of ideal gases. Over the range modelled, it is approximately isothermal. The energy of the microplasma is assessed roughly. Energy in the microplasma is on the order of the microjoule scale. A large portion of the input energy from the spark gap can be dissipated through other parasitic means, which will be addressed in a future work. Such low energy explains that the spherical stability of the microbubble's interface compared to typical branched streamers. Future work will be performed using an RP thermal model to accurately predict the temperatures at the initial stage of the microplasmas. It is also important to determine the reasons for the spherical bubbles reported in this paper and the branched bubbles reported in the literature. Due to the low energy inputs, the microplasmas in this paper are believed to be non-equilibrium plasmas. The degree of non-equilibrium in the current results is unknown. In future work, time-resolved spectroscopy involving Stark broadening will be conducted to estimate the number density of electrons in the microplasma. The number density of neutrals can be deduced from the estimate of pressure in the microbubble. With knowledge of the electron number density and neutral number density, the degree of non-equilibrity can be answered. thank the Princeton Plasma Physics Laboratory (PPPL) off site university research (OSUR) program for use of their high frame rate CCD during initial phases of this research.
